Although a number of lines of evidence hint that an elevation of intracellular calcium leads to myocardial injury, the cellular consequences of transient Ca overload remain unclear. To determine the contractile, histologic, and metabolic sequelae of transient Ca overload, we measured developed pressure (DP) in isovolumetric Langendorif-perfused ferret hearts at 370 C before and 20 min after three 5 min periods of perfusion with a 10 mM [Ca]o, 1 mM [Mg]O solution (high-Ca group, n = 8) without ischemia, and in control hearts (n = 5) exposed transiently to the same total divalent cation concentration without a change in [Ca]o (9 mM [Mg]0, 2 mM [Ca]0). DP, measured at various [Ca]o (0.5 to 5 mM), was depressed in the high-Ca group relative to control (p < .001). Representative hearts from the control group were histologically normal, whereas hearts from the high-Ca group exhibited rare foci of predominantly "reversible" injury (mitochondrial swelling, glycogen deposition, and clumping of nuclear chromatin). Maximal Ca + + -activated pressure (MCAP), measured from tetani after exposure to ryanodine, was also decreased in the high-Ca group ( 230 + 4 vs 262 6 mm Hg, p < .001). Cao sensitivity, determined by normalization of the DP-[Ca]o relationship to the corresponding MCAP, was shifted to higher [Ca]o in the high-Ca group. Phosphorus nuclear magnetic resonance spectra were obtained in four high-Ca hearts. [ATP] declined by 30% to 40% after exposure to high [Ca]o, but inorganic phosphate, phosphocreatine, and pH remained unchanged. These results indicate that transient exposure to high [Ca]o without ischemia leaves behind distinctive contractile, metabolic, and histologic sequelae. The possible implications for the pathogenesis of postischemic contractile dysfunction are discussed. Circulation 77, No. 3, 685-695, 1988. ALTHOUGH intracellular calcium is vital as the medi-| ator of excitation-contraction coupling, various lines of evidence indicate that it can also produce cellular injury when present in excess.1 7 The calcium paradox,7 reoxygenation after hypoxia,5 and postischemic re-perfusion1`6 represent three processes in which Ca overload has been implicated as the cause of injury. Recent technical developments that make it possible to estimate the free Ca ++ concentration in perfused hearts8 9 have renewed interest in the pathophysiologic role of Ca overload. Unfortunately, the calcium paradox, hypoxia, and ischemia all involve complex cel-
primary. To establish the role of Ca as a mediator of injury, it is important to determine whether calcium overload per se is sufficient to produce myocardial injury.
In the present study, we sought to ascertain whether transient calcium overload without ischemia leaves behind any clear-cut contractile, histologic, or metabolic sequelae, as must be true if Ca overload is sufficient to produce injury. We measured fundamental variables of mechanical function in ferret hearts (myocardial responsiveness to calcium, and maximal Ca+ + -activated force10) after transient calcium overload induced by brief periods of exposure to 10 mM [Ca]o. Histologic specimens were examined by light and electron microscopy to see if the hearts were irreversibly damaged as a consequence of Ca overload.
Finally, we used phosphorus nuclear magnetic resonance (NMR) to examine the linkage between mechanical deterioration and loss of high-energy phosphates after calcium overload.
Methods
Preparation. The experimental preparation has been described previously.", "l`In brief, hearts were excised from 11to 14- week-old ferrets anesthetized with sodium pentobarbital (200 mg, intraperitoneal injection), and retrogradely perfused with 100% 02-bubbled modified Tyrode's solution at 370 C. The standard solution contained (in mM): NaCl 108, Na acetate 20, KCl 5, HEPES 5, CaCl2 2, MgCl2 1, glucose 10.
[Ca]0 and [Mg]o were changed by adding 1M CaCl2 or 'M MgCl2 as necessary. The pH of the solution was adjusted to 7.40 at 370 C. The coronary flow rate, controlled by a peristaltic pump, was initially adjusted so that the coronary pressure was 90 mm Hg; flow was then kept constant throughout the experiment. Heart rate was set at 170 to 190 beats/min by pacing with a Grass S44 stimulator. A thin latex balloon tied to the end of a polyethylene tube was inserted into the left ventricle through the mitral valve and connected to a Statham P23DB pressure transducer. The balloon was filled with aqueous solution to achieve an initial end-diastolic pressure of 8 to 12 mm Hg, and was then kept isovolumetric throughout the experiment. Perfusion pressure was monitored at the tip of the aortic cannula. Left ventricular and coronary pressure were recorded with a chart recorder and an FM instrumentation tape recorder.
Cao responsiveness and maximal Ca+ + 'activated pressure (MCAP). We measured fundamental variables of Ca + +activated contraction, as defined previously."
The responsiveness of myocardium to [Ca] 31 NMR spectra were obtained on a Bruker WH-180 spectrometer with a wide-bore 4.2 tesla superconducting magnet, the 31P resonance frequency of which was 72.89 MHz. This instrument was operated in the pulsed Fourier transform mode and was interfaced to a Nicolet 1280 computer. Proton decoupling was not applied. Spectra were produced at a spectral width of 3 kHz with use of 45°pulses delivered at 2 sec intervals. Exponential multiplication equivalent to 10 Hz line broadening was used to smooth the spectra. For the NMR experiments, the balloon in the left ventricle was filled with a 15 mM aqueous solution of magnesium trimetaphosphate as a standard. To pace the heart, an agar wick soaked in saturated KCl and encased in polyethylene tubing was inserted into the right ventricle. The amounts of inorganic phosphate (Pi), phosphocreatinine (PCr), and ATP in the myocardium were measured by planimetry of the areas under individual peaks with a digitizing tablet (model 9810A; Hewlett-Packard Co., Palo Alto, CA).
The tissue contents of Pi, PCr, and ATP were normalized by the area under the peak for the magnesium trimetaphosphate standard. The calculated amounts of Pi, PCr, and ATP were divided by the measured weight of each heart to yield concentrations ([Pi], [PCr] , and [ATP]) in units of micromole per gram wet weight. The dry weight of our hearts was 15.2% of the wet (n = 4), so that the reported values in micromoles per gram wet weight had to be multiplied by a factor of 6.58 for comparison with concentrations reported as micromoles per gram dry weight. The saturation in the spectra was corrected with use of the following T1 relaxation times: 1.9 sec for Pi, 2.3 sec for PCr, 0.81 sec for 3-ATP, and 4.2 sec for magnesium trimetaphosphate. Intramyocardial pH was estimated from the chemical shift of the Pi peak measured relative to the resonance of PCr.
Lactate efflux. Lactate was measured in the coronary effluent with a two-filter (340 to 383 nm) end point technique to detect NADH produced from lactic acid on a mole-for-mole basis after oxydation catalyzed by lactic dehydrogenase (ACA, DuPont Co., Wilmington, DE) with a resolution of -+-5 x 10 -5M. From coronary flow rate and heart weight, effluent lactate concentrations were converted to efflux rates in units of micromoles per gram wet weight per minute.
Experimental protocols. Sixteen hearts were dedicated to the transient high-Ca protocol illustrated in figure 1 ). In four of the hearts in this protocol, myocardial high-energy phosphate compounds and pH were measured simultaneously with 31P NMR. To verify that perfusion with 10 mM [Ca]o does not itself cause ischemia (particularly to the subendocardium), we measured lactate efflux in four of the hearts; in four others the intraventricular balloon was deflated during exposure to 10 mM [Ca]o to eliminate the intramural pressure gradient associated with isovolumetric contraction. Phosphorus NMR spectra were also measured in the unloaded hearts.
Five hearts were subjected to the control protocol illustrated in figure 1 , B. We designed this protocol such that hearts were perfused with a solution of the same osmolarity and the same total divalent cation concentration as the high-Ca solution, while the timing of all of the measurements remained identical. As shown in the middle row of figure 1 , B, [Mg],. was increased to 9 mM during three 5 min periods, again separated by 10 min intervals, while [Ca]0 was kept unchanged at 2 mM. Ca0 responsiveness was obtained before and 20 min after perfusion with 9 mM [Mg]o, and MCAP was also measured at the end of the experiment.
Morphologic studies. After completion of the physiologic measurements, heart tissue was prepared for light and electron microscopic analysis. Either immersion or perfusion fixation techniques were used. When immersion fixation was used, a transmural wedge of the left ventricular free wall located between the anterior and posterior papillary muscles midway LABORATORY INVESTIGATION-MYOCARDIAL ISCHEMIA between apex and base was cut rapidly with a sharp razor blade into multiple 1 mm cubes while immersed in a solution of 4% formaldehyde-1% glutaraldehyde in 0. 186M phosphate buffer (pH 7.2). The samples were then placed in vials containing 5 to 10 ml of the same fixative. After fixation, the blocks were washed with several changes of 0.1M phosphate buffer, postfixed for 1 hr with 1% osmium tetroxide in phosphate buffer, dehydrated in a graded series of alcohols and propylene oxide, embedded in epoxy resin, and cut into semithin (1 pum) sections with use of a Sorvall MT-2 ultramicrotome. These sections were stained with toluidine blue and examined by light microscopy. Ultrathin sections (75 nm) were stained with lead citrate and uranyl acetate and examined with a Zeiss 10B electron microscope. When perfusion fixation was used, the perfusate was switched at the end of the experiment to an ice-cold modified Tyrode's solution in which KCl was raised to 30 mM and NaCl was lowered to 83 mM to achieve rapid diastolic cardiac arrest. This was followed by perfusion with the 4% formaldehyde-1% glutaraldehyde fixative solution for 20 min. Tissue blocks were obtained and processed as described for the immersion fixation procedure, except that in three hearts the samples were divided into subepicardial and subendocardial regions to check for uniformity in the histologic appearance. Both fixation procedures were used to exclude the possibility that subtle structural abnormalities would be introduced by artifacts unique to either method. In particular, because high concentrations of Ca and Mg were used in the experimental protocols, abnormalities in sarcomere configuration (viz., hypercontraction or overextension) might be anticipated.
Electron micrographs were evaluated according to the presence and severity of mitochondrial injury (swelling, disruption, and presence of amorphous densities), the extent of contraction and disorganization of sarcomeres, and the clumping of nuclear chromatin as signs of cell injury. All slides and micrographs were read blindly. Statistical analysis. All values were expressed as the mean ± SE. Statistical analysis was performed with paired and unpaired t tests, and analysis of variance, or with multivariate analysis of variance to compare Ca0 sensitivity and responsiveness in the different experimental groups.'2
Results
Contractile dysfunction after exposure to high [Ca]0 but not to high [Mg]o. Figure 1 , A, shows the time course of left ventricular pressure (bottom row) measured in a representative high-Ca heart. As expected, developed pressure increased during each exposure to high Ca, but note the paradoxical aftereffects of high-Ca perfusion: developed pressure decreased incrementally, along with an increase in end-diastolic pressure (EDP), after each exposure. Ten to twenty minutes after the third exposure, developed pressure reached a new steady state at a level 37% lower than the initial control. The pattern of incomplete recovery after each exposure to high Ca, culminating in a new depressed steady-state developed pressure, was observed consistently in all eight hearts. The differences among the various stages (control, 10 min after first exposure, 10 min after second exposure, and new steady state) were statistically significant (102.0 + 7.2, 86.9 ± 8.3, 78.6 ± 6.9, and 72.9 ± 6.9 mm Hg, p < .01). EDP Morphologic findings. Six hearts from the high-Ca group and two hearts from the high-Mg group were selected randomly for histologic evaluation. By light microscopy, myocardium from both groups appeared normal. In particular, there was no contraction band injury indicative of severe cellular calcium overload as is seen with irreversibly injured reperfused myocardium. In the hearts from both groups prepared by immersion fixation, sarcomeres appeared in a contracted systolic configuration. In perfusion-fixed tissue, the sarcomeres had visible I bands typical of normal diastolic arrest. Most tissue exhibited completely normal ultrastructure (figure 2,A). However, two high-Ca hearts showed mild mitochondrial swelling in rare cells. One of these, in addition, had infrequent cells with more severe mitochondrial disruption and con-traction bands; such cells were always isolated (< 1% of total myocytes) and surrounded by normal cells (figure 2, B).
In three hearts checked for possible transmural differences we found no evidence of more extensive or more severe histologic injury in the subendocardium.
CaO responsiveness and MCAP in high-Ca hearts. Figure   3 A, As with all cells from control (high-Mg) hearts, the vast majority of cells of hearts in the high-Ca group showed completely normal ultrastructure (7400 X original magnification). B, Rare isolated myocytes always surrounded by normal cells showed varying degrees of injury. The upper cell in this panel displays normal ultrastructure, but the lower cell, illustrating the most severe damage observed, shows contracted sarcomeres that did not relax after KCI perfusion, and swollen mitochondria with abnormal amorphous densities indicative of irreversible cellu lar injury (15,000 X original magnificationi).
LABORATORY INVESTIGATION-MYOCARDIAL ISCHEMIA (p < .025). It is apparent from figure 3 , B, that the curves of tetanic pressure and [Ca]l both reach saturation at [Ca]0 of 10 mM or more. The saturating pressure (i.e., MCAP) was decreased in high-Ca hearts relative to control (230.0 + 3.8 vs 262.0 ± 5.8 mm Hg, p < .001).
To determine whether the decreased responsiveness to Cao in high-Ca hearts was attributable solely to the decrease in MCAP, we plotted Cao sensitivity (Cao responsiveness normalized by the corresponding MCAP) in the control and high-Ca hearts (figure 3, C As is evident from the example in figure 1, EDP was also increased (p < .05) in the high-Ca group, an observation analogous to that in postischemic ciystalloid-perfused hearts.1 14, 15 Two factors, myofibrillar tone and coronary turgor, are known to contribute to EDP in crystalloid-perfused hearts. The component attributable to enhanced myofibrillar tone has the most interesting pathophysiologic implications, since the so-called erectile or garden hose effect is artificially high with crystalloid perfusion. To sort out the relative roles of myofibrillar tone on the one hand and coronary turgor on the other, we used the strategy of Vogel et al. 15 Four hearts were subjected to 15 sec of global ischemia before and after high-Ca perfusion. We measured EDP at the end of this period, when coronary turgor had been allowed to dissipate. With the use of this maneuver, the component of EDP attributable to myofilament-generated tension was found to increase by less than 3 mm Hg (from 11.3 ± 1.0 to 13.8 + 0.8 mm Hg) after exposure to high Ca. During perfusion at normal flow rates, the difference in EDP in the same hearts was much greater (16.0 + 0.1 vs 25.5 + 1.5 mm Hg). Thus, we conclude that the greatest portion of the observed increase in EDP is due to coronary turgor, although a small portion is attributable to a genuine augmentation of myofilament association during diastole.
These results indicate that the contractile depression in high-Ca hearts is characterized by decreased respon- Responsiveness to ,-adrenergic stimulation. In four hearts that had been exposed to high [Ca], we checked the contractile response to 100 nM isoproterenol.
Developed pressure (in 2 mM [Ca]o) increased from a mean of 54.5 to 115.0 mm Hg (p < .0025), a response comparable to that in control hearts.* Thus, the contractile perturbation that follows Ca overload is dynamic, as is postischemic dysfunction.'6
Myocardial metabolites in hearts exposed to high [Cal(.
An increase in either [Pi] or [H't] in myocardium has
been reported to decrease maximal Ca ' + -activated force and myofilament Ca+ + sensitivity in skinned papillary muscle17 18; the decrease in MCAP has been confirmed in intact hearts.' If exposure to high Ca leaves behind changes in Pi or pH, one or the other may account for the depression of Cao responsiveness and MCAP. We tested this idea by estimating intramyocardial [Pi] and pH from 31P NMR spectra. Figure 4 shows typical spectra obtained during the initial control phase (panel A) and after three 5 min periods of exposure to high Ca (panel B). The appropriate physiologic peaks are labeled with the names of the corresponding phosphate species; the rightmost peak arises from the standard in the left ventricular balloon. The Figure  6 shows the relationship between the decreases in [ATP] on the one hand and developed pressure on the other in the last 5 min after each exposure to high Ca.
There was no correlation between these two variables (r = .221, p > .05), indicating that the decrease in contractile force in high-Ca hearts is not likely attributable to the decrease in [ATP]. Indeed, an effect of [ATP] in this range would be surprising, since changes in [ATP] of this magnitude have no effect on the sensitivity of the contractile machinery to Ca iin skinned ventricular muscle19 or on known ATP-dependent Ca + + transport processes, which can proceed unimpeded until [ATP] reaches a level less than 1 mM. would be expected.1 Nevertheless, the possibility of subendocardial ischemia was evaluated in three ways. First, we checked for preferential subendocardial histologic injury in three hearts, but, as presented above, such a tendency was not seen. Second, we checked to see whether lactate was produced during exposure to high [Ca]o as a sensitive biochemical indication that at least a region of the hearts might be subjected to anaerobic conditions. Figure 7 shows developed pressure and lactate efflux rates in four hearts subjected to the high [Ca] protocol, as diagrammed above the data. No lactate efflux was detected, as expected in nonischemic well-oxygenated myocardium.20, 2' To verify that we were capable of measuring an increase in lactate production, we induced genuine low-flow global ischemia (to 10% of control coronary flow, as indicated in the second panel). This maneuver resulted in a marked but reversible increase in lactate production despite the fact that developed pressure, and hence 02 consumption, is actually much lower during low-flow ischemia than during exposure to high [Ca]o. We conclude from the data in figure 7 that inadvertent ischemia is unlikely to explain the "stunned" condition of hearts previously subjected to Ca overload. As one final control for possible subendocardial ischemia with the high-[Ca] protocol, we "unloaded'* four hearts during the three periods of exposure to 10 mM [Ca]o. This maneuver maximizes the uniformity of coronary perfusion by eliminating the myocardial wall tension associated with the usual isovolumetric contraction. As figure 8 shows, developed pressure measured after reflation of the balloon to the initial volume was depressed by 40%, statistically indistinguishable from the standard high-[Ca] protocol. Cao responsiveness and MCAP were decreased in this group to similar degrees as in the isovolumetric high [Ca] protocol (data not shown). This means that the decrease in force is a specific aftereffect of high [Ca] per se and not merely a consequence of increased load. We did notice a tendency for less ATP depletion in the unloaded hearts than in the isovolumetric group (compare figures 5 and 8), but the difference did not reach statistical significance (p = .252).
Discussion
We will first discuss the possible implications of our results for the pathophysiology of ischemia and reperfusion, where Ca overload has been implicated as a mechanism of injury. We will then consider the subcellular mechanisms that might underlie the observed effects of transient nonischemic Ca overload.
Similarities between hearts after ischemia and after nonischemic calcium overload. The mechanism of stunned myocardium has received considerable attention. Initially, a decrease in ATP concentration was implicated,22 since this was the only consistently identified metabolic disturbance in stunned myocardium. Although a number of investigators have confirmed that there is a 30% to 50% decrease in [ATP],1' 20, 21, 23 the extent of ATP depletion fails to correlate with the observed contractile dysfunction,1' 21 and repletion of ATP does not restore normal function. 24 A distinctly different mechanism for stunning centers on intracellular calcium as the mediator of injury. It has long been recognized that tissue calcium content is increased after ischemia and reperfusion.2-7 Previous work from our laboratory has demonstrated that contractile responsiveness to calcium is impaired in ferret hearts reperfused after 15 min of global ischemia, but this effect is prevented by reperfusion with solutions of low calcium concentration.1 We have also found a decrease in the severity of stunning in hearts pretreated with ryanodine, an inhibitor of cellular Ca overload. 25 These lines of evidence led Kusuoka et al.' to suggest that transient calcium overload during ischemia or reperfusion may well cause stunned myocardium. In Vol. 77, No. 3, March 1988 the present study, we have shown striking similarities among the sequelae of ischemia and those of nonischemic Ca overload, as summarized below.
Contractile activation in stunned myocardium is characterized by two features: (1) a decrease in MCAP and (2) a decrease in Ca. sensitivity. Metabolically, the only consistent feature is depletion of ATP. By definition,26' 27 these changes occur without remarkable histologic abnormalities. In the present study, we have shown that transient Ca overload without ischemia mimics several features of stunned myocardium1: MCAP and Ca. sensitivity are decreased, along with ATP depletion, but without histologic evidence of irreversible injury. Although our observations indicate that transient Ca overload may suffice to cause stunning, it remains to be considered whether such Ca overload occurs during ischemia and/or reperfusion, and, if so, how an increase in intracellular Ca might lead to longlasting contractile dysfunction.
Changes in intracellular calcium during ischemia and reperfusion. Does cellular Ca overload occur during myocardial ischemia or reperfusion? A number of investigators have found that total cellular calcium rises during or after ischemia. Shen and JenningS2 demonstrated a gain in total Ca during reperfusion after a brief period of ischemia, as confirmed by others. 6 7 In experiments measuring tissue accumulation of 45Ca, an increase in Ca concentration has been inferred on reperfusion of rabbit interventricular septum3' 5and on reoxygenation of rat hearts28 and embryonic chick heart cells.29 In another approach, laser light-scattering fluctuations, which have been interpreted as a bioassay for intracellular [ and reperfusion has already been reviewed; the rate of formation of diacylglycerol has not been examined during ischemia, but is known to be promoted by ox-adrenergic stimulation,43 44 which in turn has been implicated in reperfusion injury. ox-Adrenergic receptors are increased in number during ischemia,45 and cx-blockade attenuates the increase in total Ca on reperfusion. Activation of protein kinase C, which would be favored both by the increase in [Ca + ]i and by the increased number of o-adrenergic receptors, leads to phosphorylation of troponin I and troponin T.46 ertheless, such mechanical inhomogeneity is not expected to be a persistent aftereffect of transient calcium overload, nor could it explain two important features of heart function after high Ca (figure 3) or after ischemia.1 First of all, the hearts still respond with a qualitatively appropriate increase in force as [Ca]o is increased ( figure 3 , A, closed circles), unlike heart muscle that is acutely Ca overloaded and undergoing diastolic Ca oscillations41; second, the observed decrease in MCAP cannot be readily explained on the basis of inhomogeneity induced by oscillations in Ca. 39 The decrease in maximal Ca+ +-activated pressure points to a fundamental decrease in the maximal rate of crossbridge cycling in response to saturating levels of Ca + + ' The change in sensitivity to Cao may also reflect an alteration in the myofilaments, although, as previously acknowledged, a change in [Ca'+ ]i transients has not yet been excluded. There are several ways whereby Ca overload might be capable of modifying the Ca + + responsiveness of the myofilaments, including effects attributable not to Ca + + itself but possibly to a secondary rise in myocardial free radical concen-Vol. 77, No. 3 The functional correlates of these phosphorylation events are not yet established, but one or the other may well produce the alterations in myofilament responsiveness that underlie the observed changes in MCAP and Cao sensitivity.
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